Proteins that bind to specific sequences in long DNA molecules have to locate their target sites amid myriad alternative sequences, yet they do so at remarkably rapid rates, sometimes approaching 10 10 M −1 · s −1 .
In the beginning
The first studies to demonstrate that proteins had the ability to bind to specific DNA sequences were published in 1967 [1, 2] . Before that time, it had been generally believed that recognition of specific sites in DNA required an RNA rather than a protein. For example, in the original Jacob-Monod hypothesis for gene regulation [3] , it was suggested that the product of the lacI gene that bound to the operator site in the lac operon was the RNA transcript from lacI. Only later was it shown, initially by suppressor mutations, that the regulatory function of lacI was mediated by a protein rather than by an RNA, which in turn implies that a protein interacts directly with the operator site [4] . Within 3 years of the initial demonstrations of proteins binding to specific DNA sites, the first kinetic studies of a sequence-specific association of a protein with DNA were reported [5] , i.e. the binding of the Lac repressor to a ∼50 kb DNA carrying the lac operator (which we now know also contained the secondary operator sites for DNA looping by this protein [6] ). The rate constant for the binding reaction was measured at 7 × 10 9 M −1 · s −1 , a value that has affected deeply all subsequent considerations of protein-DNA association events.
The maximal rate of association of two molecules is equal to the frequency with which the reactants collide with each other as a result of thermal diffusion through 3D (three-dimensional) space [7] , the so-called 'diffusion limit' [8] . For protein-ligand association reactions, the diffusion limit is generally taken to be approx. 10 8 M −1 · s −1 [9] . The rate constant for the association of the Lac repressor with its operator site on a 50 kb DNA thus appears to be almost two orders of magnitude faster than the diffusion limit: in other words, the Lac repressor seems to be able to bind to its target site on a 50 kb DNA faster than it can reach that site by free diffusion through bulk solution.
The initial collision of a sequence-specific DNA-binding protein with a natural DNA is most unlikely to occur at the target site, simply because the target site (typically 15-20 bp for repressors [2] but just 4-6 bp for restriction enzymes [10] ) constitutes only a minute fraction of the total length of the DNA. Instead, the initial collision with the DNA will, in all probability, occur at a random non-specific site and the protein then has to transfer to the specific site by an intramolecular route, a process termed 'facilitated diffusion' [11] . There exist at least three routes for the transfer [11] [12] [13] . One possibility, known as 'sliding', is 1D (one-dimensional) diffusion along the DNA, following its contour by continually remaining in contact with the DNA. Another is by multiple dissociation/reassociation events. This is still primarily an intramolecular process because the mean distance between DNA molecules in dilute solution is very much greater than the distance between any two sites in the same DNA chain, given that DNA will naturally be in either a random coil or supercoiled configuration. Consequently, the reassociations are much more likely to occur to the same chain than to a different molecule. If the protein reassociates close to where it dissociated from, it is called 'hopping', whereas if it reassociates to a distant site along the DNA contour (but which may still be close to the departure point in 3D space), it is called 'jumping'. The threshold between hopping and jumping is entirely arbitrary, although steps of <10 bp are normally considered as hops and those of >100 bp as jumps. In a third possibility, intersegmental transfer, a protein bound to one DNA site transfers to another via an intermediate in which it is transiently bound to both. This process is only applicable to proteins with two DNA-binding surfaces, such as the Lac repressor itself [14] or the SfiI restriction enzyme [15] . As proteins with only one DNA-binding surface cannot function by intersegmental transfer, it will not be discussed here, even though it can play a significant role in target-site location [16] .
What is the diffusion limit?
The first measurement of a DNA-protein association rate [5] had revealed that the rate constant for the binding of the Lac repressor to its operator site in DNA could exceed by almost 100-fold the value of 10 8 M −1 · s −1 that is commonly considered as the diffusion limit for protein-ligand interactions [8, 9] . Hence, it was suggested by subsequent authors that this value for the association rate constant excluded diffusional searches through 3D space but could be accounted for by reducing the dimensionality of the search process to 1D diffusion along the contour of the DNA, i.e. sliding [17, 18] . However, it will be shown here: first, that the association rate constant of 7 × 10 9 M −1 · s −1 does not exceed the diffusion limit for the reaction conditions under which the initial experiments were conducted; secondly, that the reduction in dimensionality of diffusion from 3D to 1D leads to an enhanced rate of target-site location on DNA only when the mean path length of each sliding event is relatively short, perhaps as short as 50 bp, whereas sliding events over longer distances, say 100 bp, lead to lower association rates.
In a reaction in which one molecule of A associates with one molecule of B to form an A-B complex, the rate constant for the association will reach the diffusion limit when every collision of A with B results in a complex. The rate constant for a reaction limited by the diffusional collision frequency, k col , is given by the Smoluchowski equation [19] (modified here to include orientation and electrostatic factors, θ and ε respectively):
where D A and D B are the diffusion constants of A and B respectively, r A and r B their reaction radii and n a numerical constant (4π N Avog /1000, where N Avog is Avogadro's number).
If appropriate values are utilized for the diffusion constants and the reaction radii of the protein and the target sequence on the DNA, and if both orientation and electrostatic factors are set as 1, then this equation yields a value for k col of approx.
, the value commonly taken as the diffusion limit. The orientation factor θ denotes the fraction of collisions in which the appropriate segments of the surface areas of the two macromolecules face each in the correct orientation for complex formation. This factor is likely to have a value of close to 1. The justification for this view is that the diffusion of a macromolecule in solution is due to solvent molecules continually exchanging kinetic energy on all sides of the macromolecule, with the result that the motion of the macromolecule is primarily a trembling motion around a point that itself moves through the solution relatively slowly [9] . Consequently, once two macromolecules in solution have encountered each other, they will remain in close physical proximity for a relatively long time, during which they are likely to sample all possible mutual orientations.
On the other hand, the electrostatic factor ε will have a value of 1 only if the two molecules A and B have no net charge or if the charges on both are neutralized by solvent counterions [20] . In any other situation, ε = 1. If the interacting surfaces of A and B posses opposite charge, ε > 1, but if they posses the same charge sign, ε < 1. Electrostatic effects on macromolecular association kinetics have been examined extensively with protein-protein interactions [21] . Proteins commonly associate with each other at relatively low rates, often with second-order rate constants of approx.
[21], but some, such as barnase or colicin E3 RNase binding to their respective inhibitor proteins, display rate constants of ∼10 10 M −1 · s −1 , seemingly above the standard value of
for the diffusion limit [23, 24] . In both cases, the inhibitor protein binds to a specific site on the surface of the RNase to block access to the active site. In these instances, rate constants above the diffusion limit cannot possibly be accounted for by the inhibitor protein initially binding at random to the RNase and then following a 1D path to the active site, as this would require the inhibitor to track along the polypeptide chain of the nuclease, which is surely impossible without removing all 3D structure from the enzyme.
The extremely high rate constants for the protein-protein association reactions noted above were, however, observed only in reactions at low (or zero) salt and increasing the salt concentration led to steep reductions in the rate constants: typically by two orders of magnitude (from 10 10 to 10 8 M −1 · s −1 ) as the salt concentration was raised to 200 mM [22, 23] . The rate constants for protein-protein associations that seem to exceed the diffusion limit are thus most likely to be due to electrostatic interactions involving opposite charges over the two interacting surfaces: i.e. for these reactions in the absence of salt, ε 1, which in turn gives a 'diffusion limit' of 10 8 M −1 · s −1 , but neutralization of the surface charge by solvent counterions leads to a value of ε ≈ 1 and hence of limit of
Numerous mutagenic studies have confirmed the role of oppositely charged interacting surfaces in these reactions [24] .
Do proteins bind to DNA faster than the diffusion limit?
The first value obtained for the rate constant for the Lac repressor-operator interaction, 7 × 10 9 M −1 · s −1 , came from reactions carried out at very low ionic strength, in a buffer containing just Tris/HCl, KCl and magnesium acetate, all at 10 mM [5] . Reductions in the concentrations of these components led to even faster association rates, whereas increasing the KCl to 100 mM caused the rate to fall 100-fold. Hence, the following was proposed in these early studies: 'The reason for the extremely fast reaction rate is almost certainly the fact that there is an electrostatic attraction between a positively charged site on the repressor and the negatively charged phosphate groups in the operator' [5] . Numerous subsequent studies on the effect of salt on the kinetics of Lac repressor binding to its operator site have since supported these initial observations: all revealed association rate constants of the order of 10 10 M −1 · s −1 in the absence of salt, but which fell more or less logarithmically with increasing salt concentration [25] [26] [27] , essentially as noted above for protein-protein interactions. It is thus difficult to justify either the view that the Lac repressor binds to its target site in long DNA molecules at rates that exceed the diffusion limit [11, 12] or the view that this can only be accounted for by a reduction in the dimensionality of the diffusional search [17, 18] . It is instead the so-called diffusion limit that changes from ∼10 10 to ∼10 8 M −1 · s −1 on neutralization of the electrostatic interactions by solvent counterions.
Apart from the Lac repressor, there exist in the literature very few reports of proteins binding to target sites in native DNA with rate constants significantly above 10 8 M −1 · s −1 , and in all cases these refer to experiments conducted at low salt concentrations [13] . The buffers used to study DNA-protein interactions usually contain NaCl or KCl, or potassium acetate or glutamate [28] , at a concentration in the range 50-200 mM, and sometimes contain MgCl 2 or CaCl 2 [29] at 10 mM. Most of the measurements of the association rate of a protein with a specific sequence in a long DNA under these sorts of conditions have given rate constants within a factor or three of 10 8 M −1 · s −1 [13] . Values within this range have been found for restriction enzymes binding to their recognition sites, DNA repair enzymes to sites of damage, RNA polymerases to promoter sites, genetic regulatory proteins to their control sites and many other types of proteins acting at specific DNA sites (reviewed in [13] ). At present, no protein that binds to a specific DNA site is known to do so at a rate that exceeds the diffusion limit. Instead, most sequence-specific DNA-binding proteins bind to their target sites at rates that lie close to the limit for the relevant experimental conditions. This in turn implies that the rate-determining step in binding to a specific DNA site will generally be the diffusion of the protein to the DNA molecule, where it will initially encounter a non-specific site, and that the subsequent transfer from initial non-specific to final specific site is seldom rate determining.
Is 1D or 3D the quickest route to the target?
As noted previously [11] , the surprising feature of DNAprotein associations is not that they are often rapid but rather that they are not incredibly slow: if a protein were to exchange repeatedly between bulk solution (outside of the domain of the DNA molecule [9, 11] ) and random DNA sites, and the specific site constituted one part in 10 4 of the total length of the DNA, then the probability of colliding with the target is 10 −4 , which in turn ought to result in an association rate constant 10 4 times lower than the diffusion limit. The question that then arises is the nature of the intramolecular transfer from non-specific to specific sites, at a rate that is sufficiently high not to impinge on the overall binding rate.
The most efficient pathway for the intramolecular transfer might appear to be 1D diffusion along the DNA contour. However, the limitation to 1D means that the protein has only two possible directions for its motion, either leftwards or rightwards along the polymer. After each step, the probability of the next step being towards the target is exactly equal to that for the next step being away from the target, with the result that the mean position of the protein never varies from its starting point [7] . The distribution around the mean will broaden with time although an excursion of N bp from the mean requires a total of N 2 single bp steps. Moreover, after each step, the protein may dissociate from the DNA so that the probability of the protein remaining on the DNA for N steps (P N ) is given by
where k s is the rate constant for a 1 bp step along the DNA and k off the dissociation rate constant [30] . Consequently, even with a ratio of 10 000:1 for k s /k off , 99.8% of the protein molecules will dissociate from the DNA before travelling 250 bp. Sliding is thus a highly redundant process as it leads to multiple repeat visits to every site within a small segment of DNA but virtually no visits to more distant sites along the DNA. In addition, it is doubtful that the ratio of k s /k off can be all that large since the transition state for the transfer of the protein from one site to another 1 bp along the DNA is likely to be similar to that for the dissociation of the protein into free solution: both processes involve the same number of bond-breaking events between protein and DNA backbone. For example, a hydrogen bond between a particular functional group on the protein and another on the DNA cannot be maintained while the protein moves 1 bp along the DNA, as this movement, a 3.4 Å (1 Å = 0.1 nm) translocation and a 34
• rotation, must extend the length of the hydrogen bond to beyond its breaking point.
A theoretical analysis [13] that encompassed both 1D sliding and intramolecular dissociation/reassociation events (hopping and jumping through 3D space) concluded that the rate of target site location increased progressively with increase in the sliding length (the mean distance between start and end points covered by 1D diffusion during a single DNAbinding event), but only up to a maximum at sliding lengths approx. 10 times the size of the target site (i.e. approx. 60 bp for a restriction enzyme with a 6 bp recognition sequence). However, the rate of target site location then fell steeply as the sliding length was further increased, with a 10-fold increase in sliding length causing a 10-fold decrease in the association rate to the specific site [13] . Numerous subsequent analyses employing a wide variety of mathematical and physical procedures of varying degrees of rigour have concurred with this view (among many others, [31] [32] [33] [34] [35] ). There thus seems to be a general consensus that the rate of target site location is optimized by including both 1D and 3D steps.
The kinetically optimal pathway will involve frequent dissociations of the protein from the DNA into solution, but with the protein remaining within the domain of the DNA molecule rather than escaping into bulk solution.
These intradomain dissociations pave the way for subsequent reassociations to elsewhere in the same molecule, either close to or distant from the site the protein dissociated from, hopping or jumping respectively. Each landing at a new site is then followed by a series of 1D steps covering 50-100 bp around that site. The protein thus scans essentially every sequence within that segment, but rather than repeatedly rescanning the same segment time and time again as would be the case if 1D sliding were the only pathway along the DNA, a jump or a hop to a new site allows a different segment to be scanned on a bp-by-bp basis. The combination of short-range slides and hops with long-range jumps is therefore a much quicker route to a specific site in a long DNA molecule than 1D sliding alone, as this strategy allows the protein to inspect many more sites on the DNA in any given time interval.
The current situation
In recent years, it has been demonstrated experimentally that many different sequence-specific DNA-binding proteins reach their target sites in native DNA by the kinetically optimal pathway noted above, involving both 1D and 3D steps (e.g. [30, [36] [37] [38] [39] [40] [41] ). Indeed, in several cases, the proteins have been shown to use this pathway at or near-optimal efficiency, in that their 1D steps along the DNA yield sliding lengths of approx. 50 bp [30, 37, 39, 40] , which is the length that will give rise to the peak rate of target site location: for a restriction enzyme with a 6 bp target, the peak is achieved with a sliding length of approx. 60 bp, as was actually observed with the EcoRV restriction enzyme [30] , whereas either longer or shorter sliding lengths give slower rates [13, 31] . For the BbvCI restriction enzyme and for uracil DNA glycosidase, the sliding length was evaluated from the maximal distance that the protein was found to be able to travel along the DNA while remaining in continuous contact with the chain, before it lost contact by dissociation: the loss of contact was recorded by the ability of the protein to switch between the 5 -3 and the 3 -5 strands of the duplex [37, 40] .
A variety of strategies have provided direct evidence for jumping from one site to another distant site in the same DNA molecule. In one case, the reactions of the EcoRV restriction enzyme were tested against three substrates: a 3.4 kb plasmid that carried one EcoRV site; a DNA catenane derived from this plasmid, comprising a 0.3 kb mini-circle of DNA with the EcoRV site interlinked with a 3.1 kb circle containing only non-specific sequences; and the mini-circle liberated from the catenane by cutting the 3.1 kb circle with another enzyme [36] . The EcoRV enzyme found its recognition site in the mini-circle of the catenane just as readily as in the complete plasmid, but it acted much less readily at its site in the liberated mini-circle. The bulk of non-specific DNA present in both the plasmid and the catenane must therefore help the enzyme locate the target site in the mini-circle. Remarkably, the nonspecific DNA functions equally well in the plasmid, when it is covalently contiguous with the recognition site, which in turn permits sliding, or in the catenane when it is just tethered topologically to the recognition site, which disallows sliding and leaves jumping as the only plausible route [36] . In another case, the EcoRV enzyme was tagged with a fluorescent label and its movement along the DNA observed directly by TIRF (total internal reflectance fluorescence): this revealed 1D motion of the protein on the DNA, although the resolution of the method (∼100 bp) was too low to distinguish sliding from hopping, interspersed with jumps of >600 bp, the minimum that could be assessed given the instrument resolution [39] .
Single-molecule techniques are currently receiving considerable attention as methods to examine the motion of proteins on DNA [42] . However, to be able to observe directly the motion of a single molecule of protein on the DNA, it is often necessary to stretch the DNA out from its native random coil configuration to its full contour length, either by attaching both ends of the DNA to beads that are then held in optical traps or by tethering one end and stretching out the other by hydrodynamic flow [43] . However, the extended configuration of the DNA in these scenarios more or less excludes jumping as this depends on the proximity of any two sites in 3D space regardless of their separation along the DNA contour, whereas the application of hydrodynamic flow may also block hopping, by flushing any dissociated protein away from the DNA. These techniques thus provide compelling evidence for the existence of 1D sliding on DNA but can be less informative about the contribution that the observed sliding makes to the overall pathway to the target site [44] .
In one approach to examine the contribution of the 3D configuration of the DNA, it was found that a restriction enzyme located its recognition site on a supercoiled plasmid approximately three times more readily than on the same plasmid in its topologically relaxed state, which was assigned to the supercoiled DNA possessing a much more compact structure than the relaxed form [36] . In another approach, a DNA with one EcoRV site was tethered between two beads and the end-to-end distance of the DNA adjusted by optical traps: the EcoRV enzyme reached its target site most rapidly when the end-to-end distance matched that of a random coil, whereas longer distances led to reduced rates [41] .
The future
As noted above, single-molecule methods have allowed for the direct observation of the 1D motion of proteins on DNA [42] . However, many such studies employed DNA substrates that lacked the target site for the protein in question. In these cases, the observation of a protein undergoing random 1D diffusion in both directions on that DNA is not the same as observing the protein actually locating its target site. As noted previously [7] , 'diffusion to capture' poses a different set of questions from diffusion itself. Hence, a goal for the immediate future must be the direct observation of protein motion on DNA as part of the process of finding and engaging a target site. At present, the single-molecule techniques for the analysis of processes on DNA can only reveal 1D or 2D events [43] . Consequently, a longer term goal must be the development of further techniques that could monitor the motion of an individual protein molecule through a random-coil or a supercoiled DNA in 3D space. In addition, the current generation of single-molecule methods often lacks sufficient resolution to distinguish between sliding and hopping but other strategies have already revealed the relative contributions of these two pathways [37, 38, 40] .
Finally, probably the most significant contribution to our current understanding of DNA-protein association kinetics remains, even to this day, the 1970 paper by Riggs et al. [5] on the binding of the Lac repressor to its operator site on DNA. It is one of the few papers in the biological sciences that truly created a paradigm shift and it certainly repays re-reading today.
